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Despite several lines of observational evidence, there is a lack of consensus on whether
higher fungal:bacterial (F:B) ratios directly cause higher soil carbon (C) storage. We
employed RNA sequencing, protein profiling and isotope tracer techniques to evaluate
whether differing F:B ratios are associated with differences in C storage. A mesocosm
13C labeled foliar litter decomposition experiment was performed in two soils that were
similar in their physico-chemical properties but differed in microbial community structure,
specifically their F:B ratio (determined by PLFA analyses, RNA sequencing and protein
profiling; all three corroborating each other). Following litter addition, we observed a
consistent increase in abundance of fungal phyla; and greater increases in the fungal
dominated soil; implicating the role of fungi in litter decomposition. Litter derived 13C
in respired CO2 was consistently lower, and residual 13C in bulk SOM was higher in
high F:B soil demonstrating greater C storage potential in the F:B dominated soil. We
conclude that in this soil system, the increased abundance of fungi in both soils and
the altered C cycling patterns in the F:B dominated soils highlight the significant role of
fungi in litter decomposition and indicate that F:B ratios are linked to higher C storage
potential.
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INTRODUCTION
The soil organic carbon (SOC) pool is larger than global vegetation and the atmospheric pool
combined, and the exchanges of C between the soil and the atmosphere are quantitatively relevant
for the terrestrial C cycle (Amundson, 2001; Lal, 2010). Soil microorganisms due to their high
biomass and activity largely control soil C cycling thus acting as gatekeepers for soil-atmosphere
C exchange (Schimel and Schaeffer, 2012; Gleixner, 2013). This regulation is a result of a balance
between the rate of microbial decomposition and stabilization of organic C in soil. This balance can
shift under altered environmental conditions (Davidson and Janssens, 2006) and hence, predicting
consequences of the microbial physiological regulation on soil C processes is critical in projecting
future global warming and mitigating atmospheric CO2 levels (Billings and Ballantyne, 2013;
Schimel, 2013).
Earth system models projecting soil C stock changes often do not explicitly consider key
biogeochemical mechanisms like microbial physiological responses (Allison and Martiny, 2008;
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Zhou et al., 2011; Wieder et al., 2013). The reason for the
exclusion of microbial physiology in climate-carbon models is
largely the lack of mechanistic understanding of the feedback
responses of complex soil microbial communities (Bardgett et al.,
2008). One way of reducing this complexity and yet include
some details regarding microbial processes into models is to
incorporate ecologically meaningful and functionally relevant
microbial indicators. A widely considered proxy microbial
indicator is based on the sub-division of microbes into major
decomposer groups, namely the fungi and bacteria, indexed as
fungal:bacterial (F:B) ratio. The ratio has been extensively used
in soil ecology particularly in the context of land management
and its effects on soil carbon sequestration (Bardgett et al., 1996;
Strickland and Rousk, 2010).
Intensively managed farmed soils often exhibit lower F:B
biomass ratios when compared with more extensively managed
soils; a phenomena thought to be due to tillage, high rates
of fertilization and decreasing C:N ratio favoring bacteria
(Bardgett et al., 1996; Bailey et al., 2002; Sinsabaugh et al.,
2013). Lower fungal biomass has been linked to lower capacity
of such soils to sequester C. A shift toward a fungal
dominance in the microbial community is thought to enhance
organic C accumulation and decrease its turnover rate due
to enhanced fungal mediated soil aggregation and/or changes
in the physiology of the microbial biomass (Six et al., 2006).
For instance, fungi are thought to express a broader suite
of enzymes capable of transforming and stabilizing inputs;
and fungal biomass has greater C:N ratio which results in
increased carbon use efficiency (Strickland and Rousk, 2010;
Waring et al., 2013). Despite sufficiently established associative
linkages between environmental change factors like land use, F:B
ratios and carbon storage; there is still a lack of experimental
studies demonstrating the underlying physiological and genetic
mechanisms underpinning these field observations. Moreover,
there is no direct evidence to implicate fungi in enhancing
soil C storage, due to difficulties in manipulating complex
soil communities and technical challenges in measuring in situ
activities. RNA and protein profiling gives a better picture of the
active microbial community compared to PLFA or DNA based
taxonomic assays (Strickland and Rousk, 2010). Sequencing of
total extracted RNA without amplifying specific rRNA regions
gives a quantitative assessment of the taxonomic diversity of
total microbial communities (Urich et al., 2008). This allows
indexing of F:B ratios that is otherwise not possible with amplicon
sequencing based taxonomic assays. Similarly, profiling of total
extracted proteins allows quantification of relative changes in
active fungal and bacterial communities. To date there have been
no attempts to use these new technologies to advance current
understanding of the role of fungal dominance in enhancing soil
C storage.
In this study, we describe a mesocosm experiment that aimed
to explicitly link microbial community differences, specifically in
soil F:B ratio, to the soil’s potential to store C. We performed
a litter addition experiment on two soils that differed only in
their microbial community composition but not in physical and
chemical properties. Previous work has shown that differences in
the F:B ratio of these soils were due to small field-manipulated
differences in the aboveground plant diversity; PLFA-derived
bacterial biomass was largely similar in the two soils while clear
differences were discernable in the fungal biomass. Following
the addition of 13C labeled plant litter to these soils, RNA
sequencing and protein profiling were applied to assess changes
in the taxonomic and functional characteristics of the microbial
community. The tracer C was followed into microbial biomass,
respired CO2 and soil organic matter to complete mass balance
of the applied substrate and assess concomitant changes in C
storage.
MATERIALS AND METHODS
Soil System
To investigate the link between microbial community structures
and soil C cycling we chose two soils from the Jena Biodiversity
Experiment, a large-scale grassland diversity experiment
established in 2002 in Jena, Germany (Roscher et al., 2004). The
soils were chosen based on PLFA-derived microbial community
composition from 2007 (Lange et al., 2014), such that the soils
were similar in their physical and chemical properties but
differed in their microbial community structure, and specifically
their F:B ratio. Therefore, the two soils were named “low F:B
soil” and “high F:B soil.” This nomenclature has been followed
throughout this report. Both soils had similar soil texture (sand
44.6%, silt 39.6%, clay 15.8%) and pH (7.75). Soil C, N and C:N
ratio were also very similar at 2, 0.2, and 10.2%, respectively
(Supplementary Figure S1). The two soils differed in the number
of plant species (four in Low F:B soil, eight in high F:B soil) but
not in the number of plant functional groups (one grass, one
small herb, one tall herb, and one legume in both soils). Soil was
collected from 0 to 10 cm depth (from three spatially replicated
plots for each soil class) using stainless steel cores in April 2014,
sieved (<2 mm), all visible roots removed, homogenized and
stored at 4◦C for no longer than 12 days until the mesocosms
were established.
Plant Litter Production
13C labeled plant foliar litter was produced in glass chambers
in the greenhouse by growing Dysphania ambrosioides (formerly
Chenopodium ambrosioides), a temperate herb with vermiculite
as a substrate. A constant supply of 13CO2 (∼1 atom% 13C) at
400 ppm was maintained in continuous flow-through growth
chambers. The mesocosms were uniformly watered with an
automated irrigation system; and additional light was provided
12 h per day. After 3 months of growth, plants were harvested;
leaves were separated, dried at 40◦C, shredded and ground in
a ball-mill. The product was subsequently sieved (<500 µm)
and the finer powder was used for soil application. An aliquot
was taken for 13C analysis on elemental analyzer coupled to an
isotope ratio mass spectrometer (EA model CE 1100 coupled
on-line via a Con Flo III[27] interface with a Delta + isotope
ratio mass spectrometer; all supplied by Thermo Fisher Scientific,
Germany). Fifty milligram of plant leaf litter (2.1 ± 0.1 atom%)
was added to each soil mesocosm that was equivalent to
531.3± 21.5 µg13C.
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Experimental Setup
Pots (200 ml) were filled with 50 g of sieved and homogenized
soil and left in the greenhouse for 3 weeks for acclimatization.
Fifty milligram of powdered 13C enriched foliar litter was then
added to each soil mesocosm and gently mixed. To not create
a major disturbance in the soil system that could lead to big
changes in microbial physiology, the C amendment was kept
small (2.5% organic C added relative to soil C). Litter was
shredded and powdered to exclude the effect of particle size,
thus giving a level playing field to fungi and bacteria, the major
soil decomposers. Uniform soil moisture content was maintained
by spraying sterilized water throughout the entire experimental
period. Three mesocosms per soil class (low F:B and high F:B)
were destructively harvested in a time series at 6 h, 1, 3, 7,
14, 21, and 30 days after litter addition. An aliquot of soil was
stored at −80◦C prior to nucleic acid and protein extraction.
In addition, soil for microbial biomass chloroform fumigation
extraction and respiration measurements was stored at −20◦C.
A smaller aliquot for 13C measurement of bulk soil organic matter
was dried at 40◦C.
PLFA Analysis
PLFA-derived microbial community composition was reassessed
with soil from the same field plots (n = 3) sampled in
April 2012. Microbial lipids were extracted from approximately
50 g (dry weight) of soil according to a modified Bligh and
Dyer extraction protocol (Bligh and Dyer, 1959; Kramer and
Gleixner, 2008). Extractions were carried out using a mixture
of chloroform, methanol and 0.05 M phosphate buffer (pH
7.4) (1:2:0.8 v:v:v). Extracted lipids were separated into neutral
lipids, phospholipids and glycolipids using silica columns. Fatty
acid methyl esters (FAMEs) were then isolated by mild alkaline
hydrolysis and methylation of fatty acids, followed by the
removal of unsubstituted FAMEs. PLFAs were then separated
into saturated fatty acids (SATFA), monounsaturated fatty acids
(MUFA) and polyunsaturated fatty acids (PUFA). All extracts
were dried under a nitrogen stream, resuspended in a 200 µL
stock solution containing n19:0 in isooctane as internal standard.
Gas chromatography flame ionization detector (GC-FID, Hewlett
Packard HP 6890 series GC-System coupled with a FID; Agilent
Technologies, Palo Alto, CA, USA) was used to quantify the
different PLFAs. The following identified PLFAs were used as
bacterial markers: 14:0, 15:0, 16:0, 17:0, 18:0, 14:0i, 15:0i, 15:0a,
16:0i, 17:0i, 17:0a, 16:0(10Me), 17:0(10Me), 18:0(10Me), 17:0cy,
19:0cy, 15:1, 16:1ω7, 16:1ω5, 16:1, 17:1, 18:1ω7 and 18:1ω9; while
18:2ω6,9 was used as a fungal marker.
RNA Sequencing
Microbial RNA was extracted from 2 g soil using PowerSoil total
RNA isolation kit according to manufacturer’s instructions (MO
BIO Laboratories, UK). Soils from before and a week after litter
application (n = 3) were processed for RNA sequencing; 1-week
time point was chosen based on microbial respiratory fluxes that
were highest at this time point. Following elution in nuclease-
free water, the product was treated with RQ1 RNase-free DNase
(Promega, UK) to remove co-extracted DNA followed by RNA
clean up using RNeasy MiniElute spin columns (Qiagen, UK).
The purity and concentration of RNA was assessed using R6K
ScreenTape on Agilent TapeStation (Agilent Technologies, UK).
RNA was then prepared for sequencing with Illumina MiSeq
(Illumina, UK). We sequenced the total RNA (rRNA, mRNA
and other RNA species) in order to get both taxonomic and
functional information (Urich et al., 2008). Sequencing library
was prepared using NEBNext mRNA Library Prep Master Mix
Set for Illumina and NEBNext Multiplex Oligos for Illumina
according to manufacturer’s instructions (New England BioLabs,
UK). Briefly, 18µl RNA was fragmented, fragments were purified
using RNeasy MiniElute spin columns, followed by reverse
transcription using random primers and purification of the
resulting double stranded cDNA with 1.8X Agencourt AMPure
XP beads (Beckman Coulter, UK). The next steps included end
repair, dA-tailing and adaptor ligation of the cDNA library (each
step was followed by purification with AMPure beads). The
adaptor-ligated DNA was then size selected for 250 bp using
E-Gel (Invitrogen, UK) and PCR enriched (10 PCR cycles) using
universal PCR primer and unique index primers for each sample.
The PCR product was purified with AMPure beads, 1% agarose
gel (to remove primer dimers) and QIAquick gel extraction kit.
The quality of the purified PCR product was assessed using D1000
ScreenTape on Agilent TapeStation and its concentration was
estimated using qPCR. A multiplexed cDNA library was run
on Illumina MiSeq. Forward and reverse sequence reads were
joined, quality filtered and annotated with the Metagenomics
Rapid Annotation using Subsystems Technology (MG-RAST)
server version 3.6. Taxonomic and functional classification was
performed using the M5NR and SEED database, respectively,
with a maximum e-value cut-off of 1e-5; minimum identity
cut-off of 60% and minimum length of sequence alignment of
15 nucleotides. Raw sequences were deposited in MG-RAST
under the following accession numbers: 4601517.3, 4601521.3,
4601522.3 (Low F:B soil before litter addition), 4601523.3,
4601524.3, 4601525.3 (Low F:B soil 7 days after litter addition),
4601526.3, 4601527.3, 4601528.3 (High F:B soil before litter
addition), 4601518.3, 4601519.3, 4601520.3 (High F:B soil 7 days
after litter addition).
Metaproteomic Analysis
For proteomic analysis of microbial communities, triplicate
samples from each time point were pooled together and a
composite sample for each F:B ratio class from time 0, 1, 7,
and 30 days was used for protein extraction. Five g soil was
homogenized with 5 ml SDS extraction buffer (1.25% w/v SDS,
0.1 M Tris-HCl, pH 6.8, 20 mM DTT) by shaking for 1 h. Glass
and zirconium beads were added to the homogenized soil before
ultra-sonication (two cycles for 3 min, 1 min on ice) centrifuged
at 13000 g for 10 min at 4◦C. Three ml buffered phenol (pH 8)
was added to the filtrate and subjected to shaking for 15 min
followed by centrifugation (13000 g, 4◦C) for 10 min. The
aqueous supernatant was collected, shaken with 3 mL buffered
phenol (pH 8) and centrifuged (13000 g, 4◦C) for 30 min. The
aqueous phase was washed again with 3 ml buffered phenol (pH
8) and shaken for 15 min followed by centrifugation (13000 g
at 4◦C) for 10 min. The phenol phases from both rounds were
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combined and washed twice with 3 mL Milli-Q water for 15 min.
Another centrifugation (13000 g, 4◦C, 30 min) was performed to
recover the lower phenol phase with proteins, which were then
precipitated with fivefold volume of 0.1 M ammonium acetate
dissolved in methanol at −20◦C overnight. The precipitated
proteins were recovered by centrifugation (13000 g, 4◦C, 30 min),
the supernatant was discarded and the pellet was washed
once with cold methanol and twice with cold acetone. After
centrifugation (13000 g, 4◦C, 30 min), the pellet was air-dried and
stored at−20◦. The protein pellet was resuspended in 5 µl Milli-
Q water and subjected to 1D SDS-PAGE in a 12% polyacrylamide
gel to remove interfering co-extracted substances. Lane slices
were cut into pieces of approximately 1 mm2 and subjected
to immediate tryptic digestion with sequencing grade-modified
trypsin (Promega, Germany).
Proteolytically cleaved peptides were separated prior to mass
spectrometric analyses by reverse phase nano HPLC on a nano-
HPLC system (nanoACQUITY, Waters, Milford, MA, USA)
coupled online for analysis with an LTQ Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)
equipped with a nano electrospray ion source operated with
PicoTip Emitters (New Objective, Woburn, MA, USA). Peptide
separation was performed using a 180 min gradient from 2
to 40% acetonitrile, 0.1% formic acid, followed by a 15 min
gradient from 40 to 85% acetonitrile, 0.1% formic acid on a C18
column (nanoAcquity UPLC column, C18, 75 µm × 150 mm,
1.7 µm, Waters) with a flow rate of 300 nl/min and a
column temperature of 40◦C. Continuous scanning of eluted
peptide ions was carried out between 375 and 1,500 m/z,
automatically switching to MS/MS collision induced dissociation
(CID) mode. Raw data from the MS instrument were processed
using Proteome Discoverer v1.4.1.14 (Thermo Fisher Scientific).
MS data were searched against a FASTA-formatted database
(protein-coding sequences of bacteria, fungi and archaea) using
the Mascot algorithm. Database searches were performed with
carbamidomethylation on cysteine as fixed modification and
oxidation on methionine as variable modification. Enzyme
specificity was selected to trypsin with up to two missed cleavages
allowed using 10 ppm peptide ion and 0.6 Da MS/MS tolerances.
Only peptides with a false discovery rate (FDR) <1% estimated
by fixed value peptide spectral match validation, and only rank
1 peptides were accepted as identified. To further assess the
function of the different community members, we assigned the
identified proteins to clusters of orthologous groups (COG). The
lowest common phylogenetic ancestor of each protein group was
classified using the PROPHANE pipeline1.
13C Analysis of Respired CO2, Microbial
Biomass and Soil Organic Matter
For respiration measurements, a smaller soil aliquot (1 g) was
placed in a 10 mL glass vial and incubated overnight (for
∼16 h) in the dark at room temperature (21◦C). Respired
13CO2 collected in the headspace was measured using a gas
chromatography isotope ratio mass spectrometer (GC-IRMS,
Delta+ XL, Thermo Fisher Scientific, Germany) coupled to a
1http://www.prophane.de/
PAL-autosampler (CTC Analytics) with general purpose (GP)
interface (Thermo Fisher Scientific, Germany). In addition to
analyzing the destructively sampled soils, 13C content in respired
CO2 was also measured more intensively at regular frequencies
of about an hour in the first 24 h to monitor the initial dynamics.
This was achieved by repeated withdrawing of 10µL of headspace
air from glass vials with 1 g of soil with litter amendment. Soil
microbial biomass was obtained using a slightly modified version
of the chloroform fumigation extraction (CFE) method (Vance
et al., 1987; Malik et al., 2013). Soil (7 g) was fumigated with
chloroform gas and organic carbon was extracted using 0.05 M
K2SO4 solution. A non-fumigated control was also maintained.
Extracts were analyzed in the bulk (µEA) mode on an HPLC-
IRMS (HPLC system coupled to a Delta+ XP IRMS through
an LC IsoLink interface; Thermo Fisher Scientific, Germany).
More details are given elsewhere (Malik et al., 2013). Total
microbial biomass content was estimated by using the correction
factor (0.45) that accounts for the extraction inefficiency. For 13C
analysis of bulk soil organic matter, dried soil was ground using a
ball-mill and carbon isotope measurement was performed on an
elemental analyzer coupled to an isotope ratio mass spectrometer.
The net 13C enrichment in different pools was estimated
as 1δ13C value which signifies the change in δ13C value after
incubation with 13C labeled litter relative to the unlabeled pre-
incubation sample. We then calculated the absolute amounts
of 13C in different pools which is expressed in ng 13C g−1 of
soil (Boschker et al., 1998). To monitor the incorporation of
litter derived 13C in soil, 13C amounts in microbial biomass
were subtracted from those in SOM to get the 13C excess
in non-living SOM. This index denotes microbial necromass
and residues incorporated into SOM but could also simply be
undecomposed labeled litter. A mass balance of the total applied
litter-derived 13C (531.3 ± 21.5 µg13C per soil mesocosm)
into the different soil pools was performed at 30 days after
litter addition. Total respiratory loss of litter-derived carbon
was measured by integrating the area under the curve of 13C
excess in respired CO2 across the time series. Total 13C excess
in soil microbial biomass and non-living SOM at the end of the
experimental period was calculated using the respective ng 13C
g−1 soil values at 30 days after litter addition.
Statistical Analysis
PLFA, RNA and protein based F:B ratios were calculated using
lipid quantities, proportion of sequences and protein abundances,
respectively. Percent proportion of fungi relative to bacteria was
expressed as below:
% proportion F :B = Fungal index
Bacterial index
× 100 (1)
We used percent proportion of fungi relative to bacteria in the
text as it provides a better picture of the differences with lesser
decimal points than the absolute F:B ratio.
Variance in F:B ratio derived from PLFAs was statistically
tested using single factor ANOVA (n= 3). Statistical significance
in variance of RNA Sequencing-derived community ratios across
community types and litter treatment was ascertained using
Fischer’s least significant difference test (n = 3); preformed
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using XLSTAT version 2015.4. To identify patterns in microbial
community composition, a principal component analysis (PCA)
based on Hellinger-transformed RNA-Seq taxonomic data
was performed (Legendre and Gallagher, 2001). We used
a permutational multivariate ANOVA (ADONIS) based on
Euclidean distance to test the effect of litter addition, F:B ratio
variability and the interaction of both on microbial community
structure (n = 3). RNA-Seq data were normalized by total
number of sequences to obtain relative abundances. Fold change
in relative abundance of major bacterial and fungal phyla on litter
addition was calculated by dividing the relative abundance of
each phylum after litter input by that before addition. Statistical
significance of this fold change in RNA-Seq derived relative
abundance was calculated using two sided t-test (equal variance)
on STAMP software version 2.1.3 (Parks et al., 2014). The global
effect of litter addition and F:B ratio and their interactions on
major taxa at domain and phylum level were assessed by repeated
measures ANOVA. To test the statistical significance in the
variability of proteomics-based F:B ratio, we averaged the F:B
ratio obtained at different time points (n = 4) and tested for
variance using single factor ANOVA.
Kruskal–Wallis tests (non-parametric, n = 3) was used to
examine significant differences in litter-derived 13C excess in
microbial biomass, respired CO2 and non-living SOC between
the two soils at each sampling time point. The global effect
of sampling time and soil class; and their interactions on
the measured parameters were assessed by repeated measures
ANOVA. Sampling time and soil class were the fixed factors,
while soil replicate was added as a random factor. Assumptions
of normality and homoscedasticity of the residuals were verified
visually using diagnostic plots and a Shapiro–Wilk test. These
statistical analyses were performed under the R environment
software 3.2.5 (R Development Core Team, 2013), using the R
package NLME (Pinheiro et al., 2014).
RESULTS
PLFA Based F:B Ratio
Before setting up the mesocosm experiment, the microbial
community composition from PLFA biomarkers was reassessed
with soils from the same diversity plots. Total bacterial PLFA
content was 18.46± 0.05 and 23.55± 0.23 µg/g; while the fungal
PLFA content was measured at 0.52± 0.002 and 0.99± 0.01µg/g
in low F:B and high F:B soil, respectively. The percent proportion
of fungi relative to bacteria was estimated at 2.8 ± 0.01 and
4.2 ± 0.07 in low F:B and high F:B soil, respectively (Figure 1A).
The PLFA-derived F:B ratio of high F:B soil microbial community
was 1.5 times higher than that of low F:B soil (single factor
ANOVA; p< 0.001).
Soil Biodiversity from RNA Sequencing
Total RNA sequencing (RNA-Seq) resulted in more than 27
million sequence reads. Taxonomic information from RNA-Seq
was employed to estimate F:B ratio in the two soils before
and a week after litter application. This PCR-free sequencing
of total RNA (rRNA, mRNA and other RNA species) allowed
us to quantitatively assess the taxonomic shifts in microbial
communities in response to plant litter input. Bacterial RNA was
far more dominant than fungal RNA, with the most abundant
phyla detected by annotation of rRNA as well as functional genes
being Actinobacteria, Proteobacteria, Firmicutes, Bacteroidetes,
Ascomycota, Planctomyscetes, and Cyanobacteria in that order
(Supplementary Figures S2 and S3). PCA segregated the low and
high F:B ratio microbial communities (ADONIS p = 0.09) but
the clustering based on litter treatment was more pronounced
and statistically significant (ADONIS p = 0.0002; Figure 2).
The percent proportion of fungi relative to bacteria before litter
addition was 1.2 ± 0.04 and 2 ± 0.04; and a week after litter
addition it was 1.5± 0.07 and 2.6± 0.29 in low F:B and high F:B
soil, respectively (Figure 1B). This shift toward increased fungi
on litter addition in both soils was primarily due to increased
abundance of all fungal phyla; and the fold change in relative
abundance was bigger in high F:B soil (Figure 3A; Supplementary
Figure S4). While the global effect of F:B ratio and litter input was
smaller on bacterial relative abundance (ANOVA p = 0.52 and
0.02, respectively; Supplementary Figure S3), it was significant
on the relative abundance of major fungal phyla: Ascomycota
(ANOVA p = 0.005 and 0.0002, respectively) and Basidiomycota
(ANOVA p= 0.016 and 0.07, respectively; Supplementary Figure
S4). While total relative bacterial abundance did not change
notably in both soils, certain groups did; most remarkably
Actinobacteria. Actinobacterial relative abundance shifted on
litter addition from 32.9 ± 0.2 to 39.4 ± 0.9% in low F:B soil and
from 31.8 ± 0.7 to 33.3 ± 0.6 % in high F:B soil (Supplementary
Figure S2). We estimated the Actinobacteria: rest of bacteria
(A:RB) ratio, which shifted significantly on litter addition from
0.55 ± 0.01 to 0.84 ± 0.03 in low F:B soil and from 0.53 ± 0.02
to 0.61 ± 0.02 in high F:B soil (Supplementary Figure S5).
Acidobacterial abundance halved on litter addition in high F:B
soil; but no significant change was observed in low F:B soil. We
also observed an increased abundance of plant RNA on litter
addition. Its abundance increased from around 0.015% in both
soils to 0.065 and 0.041% in low and high F:B soil, respectively.
Proteomics-Based Taxonomic
Assignment
Protein profiling also gave information on taxonomic shifts in
microbial communities of the two soils before and 1, 7, and
30 days after litter application. Consistent with the transcriptomic
data, bacterial proteins were by far the most dominant
compared to fungi; and the most abundant bacterial phyla were
Proteobacteria (22–31%), Actinobacteria (10–26%), Firmicutes
(1.5–2.3%), and Acidobacteria (0.9–2.2%). The proteomics-
derived percent proportion of fungi relative to bacteria in
low F:B soil was 0.56, 0.58, 0.6 and 0.72 at 0, 1, 7, and
30 days after litter addition, respectively (Figure 1C). The
percent proportion of fungi relative to bacteria in high F:B soil
microbial community was 1.71, 1.27, 1.33, and 2.32 at 0, 1,
7, and 30 days after litter addition, respectively. Proteomics-
derived F:B ratio averaged for all time points was significantly
higher in high F:B soil (ANOVA; p = 0.005). The total
bacterial abundance did not shift with litter addition, which
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FIGURE 1 | Fungal:bacterial ratio estimated using different techniques: (A) PLFA profiling: Error bars represent standard error (n = 3) and asterisks represent
statistically significant variance (ANOVA p-values; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). PLFA analysis was done on field soils before setting up the mesocosms.
(B) RNA-Seq: error bars represent standard error (n = 3), lowercase letters from Fischer LSD test; treatments sharing a letter are not significant. (C) Proteomics:
values were derived from composite samples of replicates at each time point and the average value was derived from all time points for low and high F:B soils.
Asterisks represent statistically significant variance (ANOVA p-values; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).
FIGURE 2 | Principal component analysis (PCA) of RNA-Seq derived microbial community composition. Permutational multivariate ANOVA (ADONIS) was
used to test treatment effect; F:B ratio of microbial communities: p = 0.09, litter input: p = 0.0002 and interaction of both: p = 0.16.
is in line with the RNA-Seq results (Figure 3B). However,
major shifts were observed in abundance of Acidobacteria and
Actinobacteria; although the trends were not congruent with the
RNA-Seq results. Protein profiling suggests that Acidobacterial
abundance nearly doubled, whereas Actinobacterial abundance
more than halved on litter addition. Increased total fungal
abundance on litter addition was only observed 30 days after
litter addition that was largely a reflection of shifts in abundance
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FIGURE 3 | Shifts in abundance of different microbial groups after litter addition at different time points obtained using: (A) RNA-Seq: Error bars
represent standard error (n = 3) and asterisks represent statistically significant fold change in relative abundance on litter addition (two sided t-test derived p-values;
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001); (B) Proteomics, values were derived from composite samples of replicates at each time point.
of Ascomycota, the most dominant fungal phyla. Interestingly,
the abundance of Basidiomycota increased 2.2–2.4 fold on litter
addition across the sampled time points. The abundance of
Archaeabacteria decreased on litter addition in line with the
RNA-Seq results.
Tracer Distribution in Different Pools
The applied tracer in the form of 13C labeled foliar litter was
followed into the microbial biomass, its respired CO2 and bulk
soil organic matter. 13C in microbial biomass obtained through
CFE was 668 ± 78.7 and 607.6 ± 31.4 ng13C/g at 6 h after litter
addition, which decreased to 213 ± 2.9 and 270 ± 8.6 ng13C/g
at 30 days after litter addition in low and high F:B soil,
respectively (Figure 4A). There was no consistent temporal trend
in incorporation of 13C in microbial biomass of the two soils.
The amount of microbially respired CO2 and its 13C excess were
consistently lower in high F:B soil (Figure 4B; Supplementary
Figures S6 and S7). Basal respiration in low and high F:B soil
was 1.1 ± 0.02 and 1 ± 0.03 µgC/g/h, respectively. It steadily
increased on litter addition to reach maxima in 7 days (3 ± 0.01
and 2.1± 0.1µgC/g/h) to subsequently decrease to the basal level
of respiration after 30 days (1 ± 0.01 and 0.9 ± 0.01 µgC/g/h in
low and high F:B soil, respectively). 13C in respired CO2 in low
and high F:B soil was 163.1 ± 2.9 and 133.9 ± 11.7 ng13C/g/h
at day 1, 229.2 ± 2.8 and 144.6 ± 11 ng13C/g/h at day 7, and
26.8 ± 0.3 and 29.4 ± 1.4 ng13C/g/h, respectively, at day 30
(Figure 4B). 13C in respired CO2 was consistently higher in low
F:B soil in comparison to high F:B soil; global effect of soil class
(p= 0.02), time (p< 0.0001) and both (p= 0.01) was significant.
Plant litter 13C that gets incorporated into SOM was estimated by
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FIGURE 4 | Temporal trend in 13C excess in (A) microbial biomass,
(B) respired CO2 and (C) non-living SOM (bulk SOM minus microbial
biomass). Error bars represent standard error (n = 3) and asterisks represent
statistically significant fold change in relative abundance on litter addition
(Kruskal–Wallis tests derived p-values; ∗p < 0.05, ∗∗p < 0.01 and
∗∗∗p < 0.001).
subtracting the 13C excess in microbial biomass from that of bulk
soil organic matter. 13C in non-living SOM was 2.3 ± 0.4 and
3 ± 0.5 µg13C/g at day 3 and 3.1 ± 0.6 and 5.9 ± 1.7 µg13C/g
at day 30, in low and high F:B soil, respectively (Figure 4C).
A mass balance of applied litter-derived 13C (531.3± 21.5µg13C)
into the different soil pools was performed at 30 days after litter
addition. The total respiratory loss over the time period under
investigation was estimated at 302 ± 6.2 and 244.8 ± 2.7 µg13C
in low and high F:B soil, respectively. After 30 days, the 13C in
microbial biomass was 10.7± 0.1 and 13.5± 0.4 µg13C; and that
in non-living SOM was 151.1 ± 30.3 and 297 ± 85 µg13C in low
and high F:B soil, respectively.
Litter Input Driven Shifts in Microbial
Transcriptome and Proteome
RNA-Seq derived functional information (38644 KEGG
annotated functions) at different hierarchical classes was used to
discern the total microbial response to litter addition. In general,
the fold change in transcripts after litter input was very small
(Supplementary Figure S8), hence, it was not possible to tear
apart the differences in functional response of the low and high
F:B soil microbial community. It is worthwhile to note here
that the abundances of these transcripts at the lowest level of
functional classification were quite low due to lack of sequencing
depth. Database annotation of the extracted proteins resulted
in 1318 identified protein groups. In comparison to the shift
in transcript abundance, the fold change in proteins on litter
application was larger (Supplementary Figure S8). The functional
information derived from the omics techniques was not robust
hence not presented and discussed in this report.
DISCUSSION
We hypothesized that soil microbial communities’ F:B ratio
is linked to its capacity to store carbon; with higher F:B
dominance being linked to higher carbon sequestration. To prove
this hypothesis, we performed a 13C labeled litter degradation
experiment on two soils that differed in their microbial
community composition, specifically the F:B ratio, but were
similar in their physical and chemical properties. While it is
not entirely clear what caused the differences in the F:B ratio
in the two soils, it appears to be due to subtle differences in the
aboveground plant species diversity. It is likely that the higher
plant species diversity caused higher F:B ratio of the microbial
community due to ecological complementarity effects such as
higher and diverse supply of resources for microorganisms
(Lange et al., 2014). The effect of legumes and C:N ratio that
are both intertwined could be ruled out because the number
of plant functional groups were identical in the two soils. Soil
texture, pH, moisture, organic C and N content and C:N ratio
were largely similar in the two soils. Therefore these soils were
ideal to investigate the standalone effect of differences in soil
microbial communities’ F:B ratio on soil C storage.
The soils were chosen based on the F:B biomass ratio derived
from PLFA analysis. Bacterial biomass was largely similar in
the two communities, which makes the experimental system
appropriate to investigate effects of fungal abundance and
physiology. The soils were sieved and homogenized before setting
up the mesocosm experiment that could have caused the fungal
mycelia to break. They were left undisturbed for 3 weeks for the
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microbial community to acclimatize before plant litter was added
to the mesocosms. F:B ratio was estimated again using RNA
sequencing and protein profiling and both techniques confirm
the initial finding; highlighting the congruence between lipid,
RNA and protein biomarker approaches. Although the estimates
of F:B biomass as well as abundance ratios are not identical they
are largely in line with each other and thus any technical biases
arising from the different methods are minimal (Strickland and
Rousk, 2010).
RNA and protein based approaches were used to identify
the microbial decomposers involved in litter degradation, both
give information on active organisms and therefore it was
possible to monitor time dependent shifts. F:B ratio derived
from RNA-Seq suggests that F:B dominance increases on litter
addition, more so in high F:B soil, clearly implicating fungal
decomposers in substrate use; this was further substantiated
by protein profiling. It is essential to note that while PLFA
analysis-based fungal biomass (not with mesocosm soils but
field samples) as a proportion of total microbial biomass was
higher at 3–4%, relative fungal abundance based on RNA-Seq and
proteomics was 1–3% and 0.5–2%, respectively. This highlights
that fungi are underrepresented with nucleic acid and protein
based approaches. This bias against fungi could be attributed to
various reasons such as insufficient sequence database (Nilsson
et al., 2006), poor extraction efficiencies of fungal proteins and
nucleic acids (Feinstein et al., 2009), or fungal physiology of
biomass under-allocation of these macromolecules.
The shift in relative abundance of different microbial phyla
provides detailed information of the major decomposers of
plant foliar litter. Ascomycota and Basidiomycota were identified
as the major fungal decomposers with biggest fold change in
abundance that is in line with the literature (Osono and Takeda,
2006; Osono, 2007; Schneider et al., 2012; Štursová et al., 2012).
Among bacteria, Acidobacteria and Actinobacteria both appear
to be important decomposers with increased abundance on
litter application; which has been reported previously (Kirby,
2005; Baldrian et al., 2012). Interestingly, RNA-Seq derived
Actinobacteria: rest of bacteria (A:RB) ratio increased only in
low F:B soil suggesting that Actinobacteria take up the role of
fungi in litter degradation when fungal abundance is lower. Such
a shift has been previously observed in a fungicide treated soil
where an increased proportion of tracer-derived carbon was
quantified in Actinobacteria (Helfrich et al., 2015). A decrease
in Actinobacterial proteins was observed in both soils, which
was unexpected considering Actinobacteria are known to be
important decomposers of complex organic matter (Kirby, 2005).
On the contrary, Acidobacterial proteins and not transcripts
increased in abundance on litter application. Acidobacteria have
been previously linked to litter degradation (Schneider et al.,
2012). Archaeabacterial abundance decreased on litter addition
suggesting its minor role in decomposition of complex substrates,
there is no proof that they play a major role in organic matter
decomposition in soil (Offre et al., 2013). Overall, the shifts in
microbial groups on litter application suggest that fungi played a
significant role in plant litter degradation in this experiment.
To assess short term C storage, 13C labeled foliar litter was
added to root-free soils and traced into respired CO2, microbial
biomass and bulk soil organic matter (SOM). 13C enriched foliar
litter added to root-free soils allows assessment of the fate of
plant C in soils, in this case with differing F:B dominance. Litter
derived 13C in respired CO2 was consistently lower in high F:B
soil than low F:B soil, indicating that high F:B soils studied here
loose less carbon through respiration in comparison to low F:B
soils. Rate of respiratory loss was highest between 4 and 14 days
and returned to basal level in 30 days after litter application.
This suggests that most of the substrate (dried and powdered
plant litter) was degraded within 30 days; similar decomposition
dynamics have been reported by other authors (Thiessen et al.,
2013). Microbial biomass increased on litter addition but stayed
rather uniform throughout the experimental period. It is likely
that the added litter carbon feeds the soil microbial loop that
leads to cross-feeding and reuse of organic carbon (Gleixner,
2013; Apostel et al., 2015; Basler et al., 2015; Malik et al., 2015).
Higher amounts of 13C litter in non-living SOM was observed in
F:B dominated soil, which could arise from a greater microbial
contribution to SOM formation or smaller net mass loss of added
litter. In either case, it would mean higher short-term soil carbon
storage in soils with F:B dominance. It is more likely that the
higher incorporation of litter-derived carbon into SOM in high
F:B soils is through microbial necromass contribution, because
we observed an increase in the 13C excess in non-living SOM
in the later stages of litter decomposition (Rubino et al., 2010;
Cotrufo et al., 2015; Lange et al., 2015). However, we cannot
demonstrate this transfer of 13C from plant litter into SOC
through microbial biomass as CFE derived microbial biomass
extraction is known to be incomplete and selective (Malik et al.,
2016); and it is likely that we are missing a fraction of the
microbial pool.
After a month of litter application, 65.1 ± 1.3% of litter 13C
was lost by microbial respiration in low F:B soil, while only
44 ± 0.5% was lost in high F:B soil. The fraction in microbial
biomass was largely similar at 2.3 ± 0.03% and 2.4 ± 0.08%
in low and high F:B soil, respectively. To summarize, high
F:B soil communities are possibly more efficient with substrate
use over the experimental time period as the respiratory loss
is lower. The iterative process of microbial growth, replication
and death leads to incorporation of microbial cell fragments,
residues and discharges into SOM (Miltner et al., 2012; Gleixner,
2013). The amount of litter derived 13C incorporated into SOM
a month after litter addition was higher in high F:B soil at
53.5 ± 15.3% compared to 32.6 ± 6.5% in low F:B soil. These
multitudes of evidences suggest that the F:B dominance in
microbial communities can be linked to a higher soil C storage
potential.
Despite bacteria being most dominant in the studied soil
system, there was clear consistency in RNA and protein-
based analyses confirming an increased fungal abundance on
litter addition. We found evidence from the litter degradation
experiment in the grassland soil under investigation to support
the hypothesis that higher fungal dominance leads to higher
soil C storage potential. A smaller respiratory loss in microbial
communities with high F:B ratio was linked to higher amount of
litter derived C transformation to SOC. Here we provide evidence
to support the ‘community change’ hypothesis, which suggests
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that a shift in certain microbial functional groups are more likely
to cause soil carbon accumulation due to their physiological
capabilities. Microbial functional response specifically linked to
the central carbon metabolism explored using transcriptomics
and/or proteomics would be the next step to understand the
physiological mechanisms of organic matter degradation in
soil. A key hypothesis to test in future studies would be that
certain microbial groups channel more carbon into biosynthetic
pathways than into carbon transformations that lead to release
of CO2. Such a balance of microbial anabolic and catabolic
processes often referred to as microbial carbon use efficiency
can be linked to the capacity of soil microorganisms to regulate
the flow of C in soil systems (Dijkstra et al., 2011). A more
efficient physiological pathway with higher anabolic fluxes could
lead to increased microbial biomass and consequently higher
soil carbon storage (Lange et al., 2015). Given the indication
here that fungi may be important regulators of these processes,
we recognize that new molecular advancements are required
to specifically assess the functional genes derived from fungi,
which are typically at very low abundance in soil microbial RNA
extracts (Malik et al., 2015). We therefore strongly endorse such
multi-disciplinary approaches and technological advancements
to explore the relationship between active microbial communities
and their function to gain a better mechanistic understanding
of microbial-driven C cycling processes and to linking microbial
identity to ecosystem functioning.
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